they complete the chromophore or, more correctly, the two chromophores, I1 and 111. These two chromophores give rise to a broad envelope (Amax. x450nm in chloroform) in the absorption spectrum. This absorption corresponds to an energy of approx. 265 kJ/mol for the first excited singlet state (S,) of bilirubin. This state has been observed in emission from polar glasses at 7 7 K [A, , . . The photochemistry of bilirubin (and other linear tetrapyrroles) is of considerable interest in its own right, but undoubtedly the marked development in this area in recent years is largely due to the bearing that this work has on the phototherapeutic treatment of neonatal jaundice (Cremer et al., 1958; McDonagh, 1976) . The problems that arise * This view of the bilirubin structure is in accord with the results of the X-ray crystal analysis announced at the meeting (R. Bonnett, J. E. Davies & M. J. Hursthouse, unpublished work).
(1) Bilirubin (P = -CH,CH,CO,H) \\ in the biological context concern, among others, (i) the form of bilirubin in uiuo and (ii) the availability, or otherwise, of 02. With regard to the first point, it should be noted that bilirubin is very sparingly soluble in water, and that the effectiveness of the phototherapy appears to depend on the photodegradation of bilirubin to water-soluble products. Bilirubin is thought to be transported in the bloodstream as a complex with serum albumin (Beavan et al., 1973) , which is presumably in equilibrium with free bilirubin and with other protein complexes. In chemical terms the biological situation is clearly rather complicated ; if relevant chemical studies are to make headway then, in the initial stages at least, bold simplifications must be introduced.
As far as O2 availability is concerned, it seemed to us that the tissues principally involved (the first few mm from the epidermis) should be regarded as having a steady supply of O2 (via oxyhaemoglobin and/or oxymyoglobin), and that the photodegradation of bilirubin is likely to be a photo-oxidation (Bonnett & Stewart, 1972a Lightner & Quistad, 1972qb) . In an inert atomosphere a photochemical addition of alcoholic solvent to a vinyl group has been observed by Manitto (1971) . This addition is relatively slow, however, and does not destroy the rubin chromophore.
The nature and distribution of the products of a photoreaction in solution depend on three important factors.
(a) Solvent system. Solvent molecules may participate directly in the sequence of dark reactions following excitation. The solvent may also have an indirect effect in changing the conformational preference of the molecule. The internal hydrogen bonds, which hold the bilirubin molecule in a rigid conformation (in the crystal and presumably in non-polar solvents), are expected to become weaker as solvent polarity increases, and to be ruptured on anion formation.
(b) Excitation energy. If the molecule is irradiated with light of sufficiently short wavelength, the higher excited state (S2, SB, . . .), which is initially produced, may undergo reactions (including dissociation reactions) not shown by the first excited singlet (S,) and triplet (T,) states. For bilirubin, as we have seen, S, lies at about 265kJ/mol (~4 5 0 n m ) and we need only visible light (the blue end of the spectrum) to achieve this excitation. Such a source is used in phototherapy.) (c) Additives. Sensitizers and quenchers have an important effect on photochemical processes; they may be deliberately added or present as impurities.
Because of these effects, it is desirable initially to limit the discussion to one solvent, freshly distilled anhydrous methanol (containing anhydrous ammonia to solubilize the bilirubin) and to a visible light-source (tungsten lamp). The products identified from this kind of reaction (Lightner & Quistad, 1972a,b; Bonnett & Stewart, 1972a are given in Scheme 1, where it is seen that the fragments arise by cleavage around the meso-bridge positions. The types of photo-oxidation of organic molecules that have been encountered may be broadly divided, following Schenck (1963), into two categories. The first of these, called type I, leads to the photochemical generation of organic radicals, which then react (in a dark reaction) with triplet 02. In this type of reaction it is the substrate that is activated by its conversion (by one means or another, but always stemming from an initial photochemical excitation) into a reactive intermediate, an organic radical. In the type I1 photo-oxidation, on the other hand, the O2 is activated by photosensitized conversion into singlet 02, which then reacts with the ground state substrate.
The products shown in Scheme 1 can be accounted for, in a general way, by using either mechanism, but it is clear that at least two pathways are needed, because biliverdin (a minor product in methanol) is not a key intermediate in the formation of the smaller fragments (McDonagh, 1972; Bonnett & Stewart, 19726) . We suppose that the formation of biliverdin may occur by a type I mechanism, as shown in Scheme 2.
The abstraction of a C-10 hydrogen atom leading to radical (X) is regarded as a favourable process, since the product is a resonance-stabilized species (cf. delocalization referred to in the first paragraph). It is noteworthy that in ethanol-free chloroform Vol. 4 the formation of biliverdin becomes important (at the same time phosgene is generated from chloroform by a type I photo-oxidation, no longer inhibited by ethanol).
The type I1 or singlet O2 mechanism, with bilirubin as both sensitizer and substrate, was advanced by McDonagh (1971) to account for the formation of methyl vinyl maleimide (IV); it also accounts for the dialdehyde (VI), in a process that is formally analogous to the reaction of enamines with singlet O2 (Foote & Lin, 1968) . The formation of the methanol propentdyopents (VII, VIII, IX) can also be rationalized in terms of a singlet O2 mechanism (Bonnett & Stewart, 1 9 7 2~) .
Kinetic studies (Foote & Ching, 1975) indicate that bilirubin is one of the most reactive singlet O2 acceptors known, but that it physically quenches singlet O2 rather faster than it reacts with it The experimental evidence implicating the type I1 mechanism falls under the following headings : (i) model studies; (ii) effect of sensitizers; (iii) effect of quenchers; (iv) kinetic studies; (v) YAG (yttrium aluminium garnet) laser studies. The bulk of the available observations are accommodated by Scheme 3.
(kquenchlnslkreaotlon x 6 ) .
